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SOME OFTICAL TECHNIQUES FOR TEMPERATLTRE AND 

CONCESTTRATION MEASUREMENTS OF 

COMBUSTION IN SUPERSONIC STREAMS 

by Erwin A. Lezberg and Donald R. Buchele 

Lewis Research Center 

SUMMARY 

Three optical techniques are discussed for determining temperature and 
species concentration in supersonic streams of combustion products. The three 
techniques are line-reversal pyrometry, determination of the hydroxyl concen- 
tration by spectral line absorption, and determination of carbon dioxide and 
water concentration by infrared spectral absorptance. The line-reversal tech- 
nique that uses a locally injected emitter and the hydroxyl radical-absorption 
technique are illustrated by measurements in a supersonic nozzle. The deter- 
mination of the infrared emitting species has had some limited demonstration in 
a shock tube. The limitations of these techniques for measurements in exhaust 
nozzles and supersonic combustion experiments are examined with reference to 
temperature, optical depth, and response time. 

INTRODUCTION 

The parameters of most interest in combustion are the gas kinetic tempera- 
ture and the species concentrations, either their average values or distribu- 
tion across the stream. These measurements are especially difficult in high 
enthalpy supersonic flows because of the severe environment and the short test- 
ing times dictated by pulse facilities. Gross measurements of performance, 
such as thrust or pressures, offer little help in understanding chemical 
kinetic effects on combustion and nozzle flow or in separating these effects 
from other loss mechanisms. 

Conventional techniques of measuring total temperature and major species 
concentrations that use probes are generally not applicable. Thermocouple ma- 
terials melt, and the disturbance of the stream or sample by the probe changes 
the gas composition so that it is no longer typical of the free stream. 

Gas sampling for major constituents has been used to a limited extent in 
investigations of nozzle performance and supersonic combustion (refs. 1 and 2), 
but the influence of the probe and radical recombination within the probe are 
somewhat uncertain. 
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Spectroscopic techniques are not as severely limited with respect to tem- 
Other limi- perature and response time and usually will not disturb the flow. 

tations are introduced, however, since measurements of radiance and absorptance 
are usually temporal or spatial averages along the light path. 
measurements do not correspond to average temperatures because of the nonlinear 
relation between radiation and temperature. The methods of spectroscopic pyro- 
metry are well known and are described in recent survey articles (refs. 3 
and 4). 

The radiance 

Some methods for determining profiles are discussed in reference 4. These 
methods depend on making multiple measurements either with varying path length 
through the absorber or varying wavelength. The variation of absorption coef- 
ficient with wavelength must be known. 
volves the numerical solution of a set of equations for different path lengths 
or wavelengths and is applicable to systems of simple geometry (e.g., axisym- 
metric profiles). 

The determination of the profile in- 

This paper will discuss the application of three optical techniques which 
appear to be suitable for temperature and concentration measurements in super- 
sonic streams of combustion products. 
line-reversal pyrometry, spectral line absorption in the ultraviolet region for 
determination of hydroxyl (OH) radical concentration, and spectral absorption 
in the infrared region for determination of water (H2O) and carbon dioxide 
( C 0 2 )  concentration. 
rotational o r  vibrational temperature. A l l  three methods have been demon- 
strated to a limited extent in supersonic nozzles or shock tubes (refs. 5 

These three techniques are spectral 

The latter two methods can also be used to determine a 

to 10). 

SYMBOLS 

*K 

a 

B 

bC 

bD 

bN 

c2 

C 

d 

e 

2 

relative transit ion probability 

(bN -t bC) (ln 2 ) +  
broadening parameter, ~ - -~ 

bd 

constant in eq. (2) 

collision half -width, cm’l 

Doppler half -width, cm-l 

natural half -width, cm” 

Planck‘s second radiation constant 

speed of light, cm/sec 

line spacing, cm-‘ 

electron charge 
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erf c 

exp 

F 

f 
h 

1 

J 

2 

m 

NA 

N 

P 

P' 

W 

e r ro r  function 

exponential 

defined by eq. (5) 

r a t i o  of number of dispersion electrons t o  number of absorbers 

Planck s constant 

r e l a t i v e  source in t ens i ty  

ro t a t iona l  quantum number 

Boltzmann's constant 

constant i n  eq. (2) 

path length, cm 

electron mass 

radiant  i n t ens i ty  

number density, 

absorption coeff ic ient  , cm-I 

absorption coef f ic ien t  a t  center of Doppler broadened l ine ,  cm-l 

pres sure, a t m  

ro t a t iona l  p a r t i t i o n  function 

v ibra t iona l  p a r t  it i on function 

dynamic pressure 

l i n e  s t rength parameter, (at"') (cm'l) 

temperature 

average temperature 

come c ti on f a c t  or t o  t r a n s i t  ion probabi l i t i es  for  vibrat ion - r o t  a t  i on 
in te rac t ion  

equivalent width, cm'l 

absorptance, 1 - I / I ~  

half-width parameter, a t m ' l  
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E emissivity 

A wavelength 

T fractional transmittance, I/I, 

Cp equivalence r ati o 

w wave number, cm-l 

Subscripts : 

A air 

a absorbing gas 

b broadening gas 

d spectral line 

g gas 

J rotational quantum number 

K rotational level 

0 initial 

S reference source 

v optical pyrometer 

A wavelength 

w wave number 

wave number at center of spectral line uO 

Superscripts: 

1 upper skate 

II lower state 

SPECTRAL LIKE REVERSAL 

Description of Method 

The use of the line-reversal technique for temperature measurements has 
been treated extensively (refs. 3, 10 and 11). A self-balancing reversal 
pyrometer has been described (ref. 111 and is shown schematically in figure 1. 
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Figure 1. - Single-pass, spectral-line-reversal pyrometer. 

The instrument uses either a tung- 
sten ribbon lamp or a carbon arc as 
a comparison source. Localtemper- 
ature measurements can be obtained 
in high-velocity gas streams by the 
injection of a spectrally radiating 
compound into the gas through a 
probe. The method requires equal 
intensities N A , ~  and N A , ~  of 
blackbodies at gas and reference 
source temperature, respectively. 
The reversal equation for the in- 
strument used as a single-pass sys- 
tem in figure 1 is 

where T is the fractionaltrans- 
mittance of the optics between the 

source and the gas, is the source emissivity, and T' is a correction 
factor for gas radiation reflected from the source and intervening optics. The 
term TEA,~NA,~ is obtained as a temperature by calibration with an optical 
pyrometer. The temperature is corrected for the wavelength shift from A, of 
the optical pyrometer to of the spectral line. The calibration and in- 
strument errors are described in reference 11. 

The temperature of sodium when used as a spectral emitter has been identi- 
fied with the vibrational temperature of the gas (ref. 12), and its use for de- 
termining kinetic temperature requires at least equilibration of vibration with 
the translational and. rotational modes. The temperature limits for the line- 
reversal pyrometer are determined by the lower limit at which the emitter pro- 
duces sufficient intensity to produce a usable signal at the detector and an 
upper limit at which the maximum source temperature is reduced by the source 
emissivity E A , ~  and transmission T of the intervening optics. The limits 
for the instrument described herein in which sodium is used as a tracer are 
estimated to be 1500° to 3280° K, when a carb8n-arc source and refracting 
optics that are multilayer coated for low reflectance are used. 

Experiment a1 Measurements 

Experimental temperature measurements have been obtained in supersonic 
nozzles for hydrogen-air and methane-air combustion products. These measure- 
ments are described in detail in reference 5. The self-balancing spectral 
line-reversal pyrometer described in the preceding section was used both as a 
single- and a double-pass instrument, The spectral lines used were the sodium 
doublet at 5893 angstroms and the blue line of cesium at 4553 angstroms. 
Either sodium carbonate or cesium sulfate were introduced as powders in a car- 
rier gas stream at the exit of the subsonic combustion 
tion of a temperature profile at the combustor exit is 
The temperature profile was determined by traversing a 

- 
chamber. The determina- 
illustrated in figure 2. 
powder injector parallel 
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to the axis of the collimated 
source beam. Temperature profiles 
were not attempted at the optical 
port locations in the supersonic 
portion of the nozzle since 
spreading of the tracer stream 
would obscure any details of a 
radial profile. Some typical tem- 

ICenterline 

L 

2 4 6 8 10 12 equivalence ratio at nozzle-area- 
Distance from wall, in. 

Figure 2 -Combustor temperature profile by traversing powder in- 
jector parallel to collimated source beam. Reversal of cesium 
4553-angstrom line. Natural gas fuel; in i t ia l  pressure, 3.6 atmo- 
spheres; equivalence ratio, 0.954; a i r  temperature, 1790' K. 

to-throat-area ratios of 1.23, 
1. 60, and 2.02 in figure 3. The 
dashed curve is f o r  a simplified 
kinetic calculation in which the 
Bray freezing point approximation 
was used (ref. 5). Observations 

of the yellow D-line light produced by the normal shock at the nozzle exit in- 
dicated that sodium was confined to the central core of the jet and that the 
temperature measurements were not influenced by the colder boundary-layer gas. 

Experimental E r r o r  

Differences between the self-balancing instrument and a manual instrument 
had an average random deviation of 20' R (ref. 11). 
temperatures of the line-reversal pyrometer with probe-type pyrometers are 

Comparisons of measured 

/- Equilibrium 

0 Y t 
,/-- 

A i r  temperature, 

m 
5; ' m! 1900 , ," , 1 7 8 0 1  1890 

1720 to 1780 
1800 --- Bray approxi- 

mation 
1700 

1600 I 
.4  .6 .8 1.-0 1.2 

(a) Nozzle area ratio, 1.23. 

I I  
.6 .8 1.0 1.2 

Equivalence ratio, Q, 

(b) Nozzle area ratio, 
1.60. 

I I  
.6 .8 1.0 1.2 

(c)  Nozzle area ratio, 
CS-31803 

2.02 

Figure 3. -Effect of equivalence ratio on nozzle static temperature. In i t ia l  pressure, 
3.6 atmospheres. 
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given in reference 13. A discrepancy of a few percent has been partially ac- 
counted for as an averaging error due to temperature fluctuations in the com- 
bustion tunnel (ref. 14). 

The error in measuring the average of a temporal or spatial temperature 
fluctuation is due to the nonlinearity of radiance with temperature. In 
spectral regions where the Planck f'unction is steep, the measurements may be 
much closer to the pe& temperature than the average. 

The fractional averaging error (T - T,)/T, is given for small errors as 
(ref. 14) 

- 
T - To 2 
TO = k(& + 2- TO - 2)($5) 

where DT/To 
tions, and B is a constant that accounts for the variation of emitter con- 
centration with temperature determined from equilibrium calculations. The con- 
stant k depends on the waveform of the fluctuations and will have values of 
k = 0.62 for a sinusoid, k = 0.79 for a random wave, and k = 0.5 for a square 
wave. The error due to temporal and spatial fluctuaticms can be determined by 
flux measurements and related to the temperature fluctuation (when it is small) 

is the fractional average deviation of the temperature fluctua- 

by 

where NAPA is the average radiation, and A(NAPA) %he average deviation of 
the fluctuations. 
yields the averaging error in terms of radiance fluctuations. 

Substituting the temperature fluctuation in equation ( 2 )  

The error in the reversal temperature due to temperature fluctuations in 
the gas was determined by radiant flux measurements at a nozzle-area ratio of 
1.60 and fuel-air equivalence ratio of 0.9. 
ultraviolet bands at 3070 angstroms, was focused on the entrance slit of a 0.5- 
meter grating monochromator with photomultiplier detector. The exit slit was 
removed to obtain sufficient intensity for the measurements and, therefore, in- 
cluded the entire 0-0 band. The signals from chopped and unchopped radiation 
were used, respectively, to determine the temperature fluctuation and frac- 
tional averaging error from equations (2) and (3). 
to be approximately 5O K at a static temperature of 2100' K; the averaging 
error was entirely negligible. 

Radiation from the OH radical, 

The fluctuations were found 

SPECTRAL LZNB ABSORPTION FOR TRE HYDROXYZ RADICAL 

Discussion of Method 

The concentration of the OH radical can be determined by absorption in the 
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u l t r a v i o l e t  2C+ - 211 e lec t ronic  band (ref.  15). 

The method used i s  t h a t  of reference 1 6  i n  which t h e  l i g h t  source i s  a 
low-pressure discharge i n  water vapor thus producing t h e  OH emission spectrum. 
The emission l i n e  i n  the  source i s  absorbed by the  broader Doppler-shaped l i n e  
of t he  gas so t h a t  i dea l ly  only absorption a t  t h e  l i n e  center i s  measured. The 
absorption a t  t h e  l i n e  center i s  r e l a t ed  t o  t h e  ground-electronic-state popula- 
t i o n  by the  
The f number is  defined as the r a t i o  of t he  number of dispersion electrons t o  
the  number of absorbers and i s  related t o  t h e  e lec t ronic  t r a n s i t i o n  probabil- 
i t y .  The f number has been eqe r imen ta l ly  determined by measuring the  in te -  
grated absorption of a number of l i n e s  i n  the  3064-angstrom 0-0 band and r e l a t -  
ing the  absorption t o  t h e  known concentration of OH i n  the  absorbing gas ( refs .  
15 and 1 7  to 19) .  
thermodynamic properties,  changes i n  the  accepted value f o r  t he  heat of forma- 
t i o n  of OH w i l l  change t h e  value of t he  

f number f o r  the t r ans i t i on  and t h e  shape of t he  absorbing l ine .  

Since the  OH concentration must be calculated from i t s  

f number. 

From the  def in i t ion  of t he  f number, t h e  number densi ty  of OH i n  the  
lower ro t a t iona l  l e v e l  5" i s  

where 
wave number a. 

Pa i s  the  absorption coeff ic ient  per centimeter of path length a t  t he  

The f number has been given i n  reference 1 6  as 

where AK 
the  OH ro t a t iona l  levels.  
calculated fo r  t he  P, Q, and R branches of t he  2,X3' - 211 t r ans i t i on  
(ref. 21). 
s ince Dieke and Crosswhite assumed t h a t  t he  ro t a t iona l  and v ibra t iona l  t r ans i -  
t i o n  probabi l i t i es  were completely separable ( re f .  20). The resu l tan t  correc- 
t i o n  fac tors  cause a var ia t ion  of the  e lec t ronic  t r ans i t i on  probabi l i t i es  with 
ro t a t iona l  quantum number so t h a t  F i n  equation (5) cannot be taken as a con- 
s tant .  

i s  the r e l a t i v e  t r a n s i t i o n  probabi l i ty  tabulated i n  reference 20 f o r  
Recently t h e  vibrat ion ro ta t ion  in te rac t ion  has been 

Inclusion of t h i s  e f f ec t  w i l l  change the  t r a n s i t i o n  probabi l i t i es  

For a l i n e  with Doppler shape 

where PI 
l i n e  center, and b~ i s  t h e  Doppler half-width i n  centimeters-1. 

be wr i t ten  i n  terms of t he  broadening parameter a: 

i s  the  absorption coeff ic ient  of t he  Doppler broadened l i n e  a t  t he  

!The l i n e  shape f o r  a combination of Doppler and co l l i s ion  broadening can 
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where b~ and bc are the natural and collisional half-widths. The value of 
a has been assumed equal to zero (ref. 16), although other values of a have 
been indicated (refs. 17 and 22). For other values of a the relation between 
the absorption coefficient at the line center and the Doppler coefficient is 
given in reference 23 as 

pw0 = PI exp(a2) erfc(a) [I I [  1 
where P is the absorption coefficient at the line center. Numerical values 
of PdPF are given in table 4-3 of reference 23. .The measured absorption 
coefficients can then be corrected for collisionalbroadening in the gas if the 
value of a is known. 

For rotational equilibrium, the total concentration of OH in the ground 
~ I I  state is 

where QR and Qv are the rotation and vibration partition functions and q 
the rotational energy level in centimeters-1. 

Combining equations (4), (5), (6), and (9) and inserting the numerical 
values for the constants give 

where T J I J I ~  is the correction factor for vibration rotation interaction given 
in reference 21. Recently, two new determinations of the f number have been 
reported (refs. 24 and 2 5 ) .  Neither depends on thermochemical data, and one 
(ref. 24) represents a direct determination of the radiative lifetime of the 
2,?? - 2II transition of OH. These investigations indicate a band oscillator 
strength, 10-0 = 8X10m4 5 0  to 15 percent or a value of This 
value has been used in equation (lo), rather than one of the earlier values, 
because of the lower error estimate and the fact that the newer determinations 
are independent of thermochemical data. 

F = ~ . O X ~ O - ~ .  

Experimental Measurements ' 

The experimental apparatus is shown schematically in figure 4. The 
facility and external optical arrangement is essentially the same as -the line- 
reversal instrument. The light source used was an end-view capillary discharge 
tube (fig. 5). Water-vapor pressure was maintained at 0.8 to 1.0 millimeter of 
mercury by pumping on a sulfuric acid solution connected to the lamp and kept 
at Oo C in an ice bath. A current of 40 milliamperes drawn from a 5000-volt 
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mirror 

mirror 
CS-31801 

Figure 4. - Optical arrangement for line-absorption measurements. 

transformer w a s  used during 
t h i s  se r ies  of measurements. 
Light from the  source was  chop- 
ped a t  120 cps and focused a t  
the center of the  nozzle. The 
emerging beam was refocused a t  
the  entrance s l i t  of a 0.5- 
meter Bert-mount grat ing mono- 
chromator equipped with a 
photomultiplier detector. 

The absorption measure- 
ments were made by scanning the  
spectrum of the lamp with a 
nonabsorbing gas ( a i r )  flowing 

through the nozzle and with the  absorbing gas (hydrogen-air combustion pro- 
ducts) i n  the l i g h t  path, 
only the chopped s ignal  was amplified, possible emission from the  gas was  not 
recorded. 

Since the l i g h t  was chopped on the source side, and 

Mole f rac t ion  of OH was calculated by using equation (lo), t he  measured ab- 
sorption, the s t a t i c  pressure, and the reversal  temperature. Results a r e  shown 
as a function of the  fue l - a i r  equivalence r a t i o  i n  f igure 6. Data are  shown a t  
nozzle area r a t io s  of 2.02 and 2.49 a t  a combustor stagnation pressure of 3.6 
atmospheres. 
past  the spec t ra l  l i n e  a t  each f u e l  sett ing.  
OH were computed from the IBM 7090 program of reference 26. 
w a s  computed by assuming t h a t  the OH mole f rac t ion  froze a t  the nozzle 
throat.  
nozzle area r a t io s  because of the continuing bimolecular shuff le  reactions 
( re f .  27).  

The absorption measurements were made i n  t h i s  case by scanning 

The upper curve 
The equilibrium mole fract ions of 

The hydroxyl rad ica l  i s  not expected to be completely frozen a t  these 

I Experimental Errors 

Checks of ro ta t iona l  equi- 
librium were made by scanning a 
portion of the spectrum and de- 
termining the absorption coef- 
f i c i e n t  P = ~n I ~ / I  fo r  a 

band. The ro ta t iona l  tempera- 
tu re  can be determined by plot-  
t i n g  log P % / A ~ T ~ ~  J i r  against 

electrode 

WO 
window number of l i nes  i n  the  0-0 

connection the  ro ta t iona l  energy of the 
Figure 5. - End-view discharge tube. 

t r ans i t i on  and taking the slope 
of the resu l t ing  s t ra ight  l ine.  

Within experimental error,  the l i nes  were s t ra ight  and the temperature was gen- 
e r a l l y  within 100' K of the measured reversal  temperature. 
the t e s t  section windows during the  run caused much la rger  departures of the 
apparent ro ta t iona l  temperature from the reversal  temperature. 

Sl ight  dir tying of 

I n  addition t o  
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Figure 6. - Hydroxyl concentration by line absorption of 2ct - 211 transition, 0-0 vibrational band, 
hydrogen-air combustion products. Initial pressure, 3.6 atmospheres. 

the  change i n  Io, the  determination of the ro ta t iona l  temperature involved ab- 
sorption measurements of some stronger l i nes  t h a t  were 90 percent or more ab- 
sorbed and, therefore,  subject to er rors  due t o  self-absorption. 

The experimental e r ro r  i n  measuring the  absorption coeff ic ient  Pcoo due 
to changes i n  source in t ens i ty  
length of the data bars  i n  f igure 6. Changes i n  Io could occur through s l i g h t  
d i r ty ing  of the  t e s t  sect ion windows, through changes i n  source current or pres- 
sure, or  through the  movement of the source image with respect to the  entrance 
s l i t  due to vibration or refract ion of the  l i g h t  by density gradients i n  the 
t e s t  gas. The change i n  the  source in t ens i ty  was usual ly  l e s s  than 5 percent. 
The low-frequency noise l e v e l  of the source w a s  about 3 percent. Ekrors i n  the  
reversal-temperature measurement could r e s u l t  i n  concentration errors  due to 
the  temperature e f f ec t  on the  population dis t r ibut ion,  the half-width, and the  

Io was estimated and i s  indicated by the 
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gas density. 
4 percent e r ro r  i n  t h e  OH mole f rac t ion  f o r  t he  

A 5 percent e r ro r  i n  the  reversa l  temperature would result i n  a 
Ql15 l i n e  a t  1850° K. 

I n  addition t o  uncer ta in t ies  i n  the f value noted previously, e r rors  due 
t o  lack of knowledge of the  l i n e  shapes and widths i n  t h e  discharge lamp and 
gas should be considered. Since the  source l i n e  width i s  not in f in i tes imal ly  
small, a correction can be applied for  i t s  f i n i t e  width. 
both the  source and t h e  absorption l i nes  a r e  Doppler broadened, the r a t i o  of 
source t o  absorption l i n e  widths can be given by t h e  square root  of t he  
absolute-temperature ra t io .  The e r ror  i n  the  absorption coeff ic ient  P' and 
hence i n  t h e  calculated mole f rac t ion  due to source l i n e  width can be calcu- 
l a t ed  from the  tabulated values of reference 28. 

If it i s  assumed t h a t  

For combined co l l i s ion  and Doppler-broadened l i n e s  i n  the absorbing gas, 
t he  e r ro r  i n  the  absorption coeff ic ient  can be  calculated from equations ( 7 )  
and (8),  or the  tabular  values of reference 23. 
absorber i s  s ign i f icant ,  t he  e r ro r  due t o  f i n i t e  source width would be corre- 
spondingly diminished. 

If co l l i s ion  broadening i n  t h e  

The t o t a l  correct ion t o  the  mole f rac t ions  of OH shown i n  f igure  6 can be 
estimated f o r  t he  line-shape corrections, which appear t o  be the bes t  values 
avai lable  a t  t he  present time. The corrections would include an absorber-line- 
shape parameter, a = 0.05 ( r e f .  17), and a source-line width equal t o  half  t h e  
absorber width. The t o t a l  correction would increase the  values of the mole 
fract ions by a f ac to r  of 1.18 with an uncertainty of approximately 30 percent. 

'IWRARED SPECTRAL ABSORPTION 

Discussion of Method 

Concentration of infrared absorbing species such as C02 and H20 can be de- 
termined by spec t r a l  absorption a t  t h e  band wavelengths of 4.3 and 2.7 microns, 
respectively. Concentration measurements of COz and H20 i n  a supersonic nozzle 
have not been reported, although Ferr isso ( re f .  6) ,  has made emission- 
absorption temperature measurements a t  t h e  e x i t  of a s m a l l  rocket nozzle by 
using the  4.3-micron CO2 bands and the 2.7-micron water-vapor bands. Absorp- 
t i o n  coeff ic ients  of CO2 were determined a t  the  nozzle e x i t  and re la ted  t o  con- 
centrations with a thermochemical calculat ion based on a sudden freezing ap- 
proximat ion. 

I n  s i t u  measurements a r e  possible by a comparison of t he  experimental ab- 
sorptance with t h e  absorptance measured a t  the  same wavelength fo r  a s e r i e s  of 
ca l ibra t ion  experiments (ref. 29).  The ca l ibra t ion  measurements are,  i n  gen- 
e ra l ,  required a t  each temperature and opt ica l  path length. 
method begins t o  get  out of hand when a wide range of experimental conditions 
i s  encountered, 

Clearly, this 

With COz, it has been found t h a t  absorption generally does not follow the  
simple Lambert-Beers l a w  (refs. 29 and 30) so  t h a t  extrapolation of data i s  un- 
sat isfactory.  Recently, Oppenheim (ref .  30) has shown t h a t  t h e  s t a t i s t i c a l  
band model of Plass (ref. 31) can be applied t o  the  4.3-micron C02 bands a t  
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1273O K by using the  "curve of growth" method. 
sented as a unique function of t he  s t a t i s t i c a l  band parameters over a wide 
range of pressures and op t i ca l  depths. The curve of growth represents t he  
"growth" of t he  integrated absorptance W as the  number of absorbers i n  t h e  
opt ica l  path increases. The work of reference 9, which has been supported by 
the  NASA Lewis Research Center, has extended the  use of t h e  s t a t i s t i c a l  model 
t o  t h e  2.7-micron water-vapor bands and has included t h e  e f f ec t s  of foreign gas 
broadening, 

Absorption of C02 i s  repre- 

The s t a t i s t i c a l  model r e l a t e s  the  absorption parameter, In(l/z), t o  ab- 
sorber p a r t i a l  pressure and path length: 

1 P In - T = 2x d paf(x) 

where 

f (x) = xe-X [Jo( i x )  - iJ1( i x q  

and JO and J1 a r e  Bessel functions with imaginary arguments. The parameter 

SO 
Pal  

x =  
To 

2fi Pa 

where SO/d i s  the  l i n e  s t rength parameter, P / d  t h e  half-width parameter, 
and d the  l i n e  spacing. 

The e f f e c t  of foreign gas broadening can be included by wri t ing the  
dimensionless half-width i n  terms of the  p a r t i a l  pressures of absorber and 
broadener : 

d d P a d  

Globar 

CS-31802 ' 
Figure 7. - Schematic diagram of infrared absorption optics for shock tube. 

Experimental Measurements 

Absorption measurements 
( ref .  9)  were made f o r  C02 
m i x t u r e  a t  4.40 microns i n  
e l e c t r i c a l l y  heated gas ce l l s ,  
f lat-flame burners, and shock 
tubes. Similar measurements 
were made f o r  H20 mixtures a t  
2.506 and 2.854 microns. A 
schematic drawing of the experi- 
mental apparatus used with the  
shock tube i s  shown i n  f i g  - 
m e  7. The l i g h t  source i s  a 

13 



globar, the detector is a vacuum thermocouple, a lead sulfide cell, or a 
liquid-nitrogen-cooled indium antimonide cell. 
simultaneous absorption-emission measurements, from which the temperature can 
be determined (ref. 29). 
sorption are measured simultaneously by using direct- and alternating-current 
electronics in parallel. 
chopping rate of 80 kilocycles. 

The use of two choppers permits 

For the shock tube experiment the emission and ab- 

Chopper 1 was driven by an air turbine that gave a 

Water-vapor-absorption measurements require the optical path to be purged 
Initial measurements with a with nitrogen to minimize atmospheric absorption. 

prism instrument gave measured absorptances of 0.10 or less for the optical 
depths investigated. With the prism resolution of 18 centimeter'', the ab- 
sorptance was decreased because of the averaging of the spaces between the H20 
rotational lines. When the Litrow mirror in the monochromator was replaced 
with a grating, the spectral resolution was increased to 2 centimeter-1, and a 
spectral region could be chosen to include a few strong lines. The increase in 
absorptance resulted in a decrease in errors in the absorptance measurements. 

Band Experi- Cell 
model mental length, 

cm 

3.85 
A 0 7.62 

A 12.7 

0 . 2  . 4  .6  .8 1 
Optical depth, (cmHatm) cs-31805 

Figure 8. - Comparison of experimental data and band- 
model prediction for carbon dioxide - nitrogen mixtures 
(ref. 9). Temperature, 1273' K; wavelength, 4.40 
microns; pressure, 700 millimeters of mercury. 

Furnace and shock tube measurements 
of absorptance of C02 and CO2-nitrogen 
mixtures were made from 600' to 2400° K 
at 4.40 microns to determine the strength 
parameter So/& The half-width parameter 
yo/d was determined only to 1273O K. 
From the values of So/d and yo/d at 
1273' K, the absorptance was calculated 
by using equation (11) and compared with 
experimental measurements (fig. 8). 
Agreement of shock tube measurements at 
2000° to 2300' K was within 1 to 7 per- 
cent of the calculated statistical 
model (ref. 32). 

Measurements of water-vapor - 
nitrogen mixtures were made up to 1273' K 
by using the nitrogen-purged system. 
These results are shown for A = 2.854 
microns in figure 9. A temperature ex- 
trapolation of the band-model parameters 
based on the theoretical behavior of a 
single line was in poor agreement with 
flat-flame burner measurements at high 
temperatures, although good agreement was 
obtained with furnace data at lower tem- 
peratures. Since the distribution of line 
strength in the bands changes with tem- 
perature, further measurements of the 
band parameters at higher temperatures 
are required. 
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APPLICA93ONS TO SUPERSONIC-COMBUSTION T E S T I N G  

27.3 

1 

2640 

8.39 

6 

~ 

2879 

___ 
0.1155 

0.00555 

Combustor inlet and exit conditions are given in table I for a range of 
flight Mach numbers for hydrogen-fueled hypersonic ramjets. 
of 12, the static temperature and H20 mole percent is plotted in figure 10 

At a Mach number 

Combustor i n l e t  s t a t i c  
temperature, 9( 

Cambustor i n l e t  Mach 
number 

Hydrogen-air equivalence 
r a t i o  

TABLE I. - COMBUSTOR COI'JDI'ITONS 

Combustor condition 

8 

5 

l l o o  

2.94 

1 

2833 

0.293 

3.0206 

Fl ight  Mach 

1 2  

5 

1640  

3.93 

1 

3049 

0.256 

3.0350 

20 

2 

2240 

~ 

7.23 

2 

3105 

0.210 

I. 0250 

as a function of distance for a 
small supersonic combustor and 
nozzle. Mole percent OH is 
shown in figure 11. The data 
were taken from the kinetic 
calculations of reference 27 
for a nozzle with a thoat ra- 
dius of 1 centimeter. These 
calculations assume instanta- 
neous mixing so that rates of 
change of temperature and spe- 
cies concentration in the com- 
bustor are optimistically fast. 

Temperature Measurements 

It can be noted from 
table I that the range of com- 
bustor inlet and exit tempera- 
tures is generally within the 
range of the reversal- 
temperature technique. It ap- 
pears a l s o  that the rate of 
temperature rise for the case 

illustrated (fig. 10) can be followed along the combustor. Since the rate of 
average temperature rise will be mixing-limited under at least some of the 
flight conditions given in table I, it should be possible to use a locally in- 
jected tracer to follow the temperature of a stream tube. 
blem of introducing the spectral emitter remains, but a small probe could 
introduce a gaseous tracer (e.g. , chromium carbonyl, ref. 33) far enough up- 

The practical pro- 

- 
8 
pi 
U c m 
c cz 
L 
0 M 

9 

T 

''/ / Experi- Band length, Cell 

cm 
0 A 3.85 
0 20.32 

I -  ! -a 
0 V I  1 2 3 4 5 

- opticaidepth, (cni(atm) (-5-31804 

Figure 9. - Comparison of experimental data and band- 
model prediction for water-nitrogen mixtures (ref. 9). 
Temperature, 1273O K; wavelength, 2 854 microns 
(3504 cm-1); pressure, 700 mill imeters of mercury. 

stream that the effects of the probe on 
the stream would have dissipated. A 
limitation might be the minimum concen- 
tration of emitter necessary to achieve 
adequate sensibility for the reversal 
measurement. The maximum allowable 
spreaaing of the tracer stream would de- 
pend both on concentration and desired 
spatial resolution. Facility limitations 
will probably preclude long duration test- 
ing at Mach numbers in excess of 8 and 
higher flight speed simulation restricted 
to pulse facilities, such as the shock 
tunnel, with test times in the milli- 
second range. 

A double-beam setup for applying the 
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Figure 10. -Water concentration and absorption parameter for k i -  
netic flow in supersonic combustor and nozzle. Free-stream Mach 
number, 12; in i t ia l  pressure, 5 atmospheres; equivalence ratio, 
1; throat radius, 1 centimeter. 

reversal method to a shock tube is given by Gaydon (ref. 12). 
que has been described (ref. 34) in which the monochromator slit is divided 
vertically, the source is focused at the 

Another techni- 

TABLE 11. - ABSORPTION PAPARAMETERS 

AT COMBUSTOR MIT 

Absorption 
parameter 

(In $),,, (2.854 P) 

8 

6.95 

1.195 

0.308 

Flight Mach number 

1 2  

11.15 

2.20 

0.249 

20 

3.22 

0.654 

0.0763 

27.3 

0.370 

0.0659 

0.0246 

top half of the slit, and gas radia- 
tion is focused at the bottom half. 
Light at the exit slit is then 
focused on two photomultiplier tubes. 
A third technique might be to chop a 
high temperature source with a high 
speed chopper consisting of a slotted 
disk combined with a series of neu- 
tral step filters. 

Hydroxyl-Concentration 

Measurements 

The absorption coefficient has 
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Figure 11. - Hydroxyl concentration and calculated absorption parameter for 
Q,15,Q121 rotational lines. Free-stream Mach number, 12; supersonic 
combustor and nozzle. 

been calculated from equa- 
t i on  (10) f o r  the combus- 
t o r  e x i t  conditions given 
i n  tab le  I and a path 
length of 2 centimeters; 
the r e su l t s  a re  given i n  
tab le  II. Since a usable 
range of absorption coef- 
f i c i en t s  w i l l  be 
P '2  N 0.22 t o  2.5 (20 t o  
90 percent absorption a t  
the l i n e  center),  the 
ro ta t iona l  l i n e  must be 
chosen t o  l i m i t  the opt i -  
c a l  depth and, hence, t o  
l i m i t  e r rors  due t o  s e l f -  
absorption or source f luc-  
tuations.  The choice of 
ro ta t iona l  l i nes  i s  not 
unduly l imited by the 
source since the low- 
pressure discharge de- 
scribed previously has 
nearly equal intense l i nes  
fo r  the higher quantum 
number l ines  of a pa r t i -  
cular branch. The Q 1 2 1  
l i n e  was somewhat a rb i -  
t r a r i l y  chosen as an upper 
l i m i t  i n  quantum number of 
the source l i nes  since the 
e r ror  i n  concentration due 
t o  a temperature e r ror  in- 
creases rapidly fo r  the 
higher energy leve ls  be- 
cause of the exponential 
term i n  equation (10). 

The absorption coef- 
f i c i e n t s  as given i n  tab le  I1 a re  seen t o  be acceptable fo r  the range of opt i -  
c a l  dens i t ies  of the given conditions. The combustor s t a t i c  pressures given i n  
tab le  I represent a high fl ight dynamic pressure (qo = 5000 lb/sq f t ) .  A t  a q 
of 1500 pounds per square foot, which may represent a more reasonable f l i g h t  
t ra jectory,  the  s t a t i c  pressures and opt ical  depths would be lower by a factor  
of 4 t o  10, and the experiment could be scaled upward by the same factor  f o r  
the same range of absorption coefficients.  For experiments of larger  scale,  it 
may be possible t o  use other bands such as the 1-1 vibrat ional  t r ans i t i on  where 
the population i s  about 1 2  percent of the 0-0 band fo r  t h e  temperatures given. 
The r a t e  of increase of OH i n  the combustor i s  so rapid f o r  the examples given 
t h a t  it would be extremely d i f f i c u l t  t o  follow the igni t ion reactions except 
possibly where combustion i s  mixing-limited. Because of the large exponential 
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dependence of population on temperature, the change in absorption coefficient 
would be much steeper than indicated by the mole percent OH. The coefficients 
multiplied by path length for the Q121 and Qll5  lines are shown plotted as 
a function of distance in figure 11. 
posed by high optical depths will disappear at the higher area ratios. 

It is apparent that any limitations im- 

Water-Vapor-Concentration Measurements 

Since water is a major constituent in hydrogen-air combustion products, it 
can be used to follow the progress of reaction or mixing. For the example 
shown in figure 10, it is seen that, following the initial rapid buildup dur- 
ing the ignition reactions, there is a slower increase due to the recombination 
of the radicals and atoms. In the nozzle, freezing appears to be much more 
pronounced than for OH. Since the actual change in the nozzle is approximately 
10 to 20 percent of the mole fraction initially present at the beginning of 
the expansion, the restrictions on experimental accuracy in a concentration 
measurement are more stringent. Experimental difficulties are also aggravated 
by the need to purge atmospheric water vapor out of the optical path. 

The absorption parameter ln(l/~) has been calculated for water vapor for 
The band-model relation of equation (11) was used. 

The strength and half-width pa- 

the conditions in table I. 
The band-model parameters were extrapolated to higher temperatures from the 
values determined at 1273' K in reference 29. 
rameters were assumed to vary with temperature in the same way as a single 
spectral line (ref. 9) :  

d d I '  
The temperature variation of the total half-width is 

Since the actual variation of the strength and width parameters are not avail- 
able above 1273O K, the usefulness of these expressions remains in doubt. The 
calculated absorption parameter is shown in table 11. It can be seen that, for 
the scale of this experiment, the determination of H2O concentration is only 
feasible at the combustor conditions for the cases of flight Mach number equal 
t o  8 and 12. There is insufficient water present for the other two conditions. 
For the nozzle expansion at Mach 1 2  the H20 concentration is high enough for 
measurements out to an area ratio of approximately 8 without excessive error, 
It would appear that, for an experiment where the concentration is to be mea- 
sured by spectral absorption, the scale of the experiment should be chosen so 
that absorptance is in a userul range. 

SUMMARY OF RESULTS 

Three optical techniques for temperature- and species-concentration mea- 
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surements in supersonic streams have been described. These techniques are as 
follows : 

1. The spectral-line-reversal method for determining static temperatures 

2. Line absorption spectroscopy for determination of the hydroxyl radical 
concentration in which the hydroxyl 21? - 211 electronic transition 
was used 

3. Infrared spectral. absorption for determination of carbon dioxide and 
water concentrations (in which a statistical band model was used to 
relate spectral absorptance to concentration) 

Experimental measurements of reversal. temperature (ref. 5) and hydroxyl 
radical concentration were made in a supersonic nozzle that expanded the com- 
bustion products of hydrogen and air. 
as a demonstration of the optical techniques. 

These measurements are presented herein 

Shock tube and furnace measurements of water and carbon dioxide absorp- 
tance in gas mixtures (ref. 9) showed good agreement with a statistical band 
model that includes the effects of spectral line broadening by other components 
of the mixture. 

Errors due to temporal or spatial temperature fluctuations, instrumental 
errors, and errors in knowledge of transition probabilities or band-model pa- 
rameters were considered. 

The application of these optical techniques to supersonic combustion ex- 
periments is discussed, and some of the limitations are estimated. The range 
of temperatures for the reversal technique in which a carbon arc source and a 
sodium tracer were used is 1500° to 3280' K. 
depths for the absorption measurements generally will limit their use to small- 
scale or low-density experiments. This limitation must be determined for the 
particular eqeriment and the choice of wavelength. 

The usef'ul range of optical 

Lewis Research Center 
National Aeronautics and space Administration 

Cleveland, Ohio, June 9, 1964 
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